Abstract: NL63 (HCoV-NL63) is a recently discovered human coronavirus that causes respiratory disease in infants and young children. NL63 productively infects LLCMK2 cells and ciliated epithelial cells of human airway cell cultures. Transmission electron microscopic (TEM) studies of NL63 infected LLCMK2 cells revealed that virions are spherical, spiked, and range from 75 to 115 nm in diameter. Virus replication predominantly occurs on the rough endoplasmic reticulum (RER), both perinuclear and cytoplasmic, and the Golgi. Plasma membrane budding was occasionally observed. As virus production increased, aberrant viral forms appeared with greater frequency. Unusual inclusions were present in infected cells including tubular and laminated structures. Pleomorphic double membrane-bound vesicles (DMV), measuring roughly 140 to 210 nm in diameter, were observed. The virus was released via exocytosis and cell lysis. In summary, we report the key morphologic characteristics of NL63 infection observed by TEM analysis.
INTRODUCTION
Coronaviruses have recently received increased attention with the outbreak of severe acute respiratory syndrome (SARS-CoV) [1] [2] [3] [4] [5] [6] [7] and the discovery of HCoV-NL63, which causes upper and lower respiratory infection in infants and young children [8] [9] [10] [11] [12] . The family Coronaviridae consists of viruses with a large (25-32 kb) plus strand RNA genome, spikes, envelope, membrane, and nucleocapsid structural proteins. Characteristically the virions are spherical in shape, vary considerably from 60 to 220 nm in diameter, and have a "corona" of club-shaped spikes roughly 20 nm in length [13] [14] [15] [16] [17] [18] [19] [20] . Cellular infection by coronaviruses occurs via binding to a specific receptor glycoprotein or glycan, and subsequent fusion of the viral envelope with either the plasma membrane or endosomal membranes to release the viral nucleocapsid into the cytoplasm. It is in the cytoplasm where replication occurs. Genomic RNA initially functions as a messenger RNA, then as a template for genome replication. Coronavirus infection yields cellular vacuolization, degeneration, necrosis and sometimes syncytia formation. Progeny virions bud into the lumen of rough endoplasmic reticulum (RER) and Golgi, usurping portions of the organelles unit membrane, which have excluded host cell proteins. Eventually progeny virions accumulate in smooth-walled vesicles which release the virus into the extracellular space through exoctyosis or cell lysis. the Netherlands [8, 12] . This was followed by an overlapping US study published in 2005 [9] . NL63 is the fourth human coronaviruses described, following the cold viruses HCoV-229E and HCoV-OC43 in the 1960s and SARS-CoV in 2003. NL63 was found in association with acute respiratory disease in infants and young children. Using a PCR method, Esper et al. found an incidence of 8.8% of 895 pediatric specimens positive for NL63 over the course of a year [9] . Clinical symptoms associated with infection included: cough, rhinorrhea, tachypnea, fever, abnormal breath sounds (i.e., rhonchi and rales), hypoxia, chest retraction, and wheezing, i.e. upper and lower respiratory tract disease. Subsequently, a French study revealed an incidence of 9.3% from an analysis of 300 samples over the course of 5 months with symptoms that included bronchiolitis, bronchitis, pneumonia, digestive problems, otitis, pharyngitis, and conjunctivitis [11] . NL63 was also found to be associated with the respiratory illness commonly referred to as "croup" in children [21] .
Using transmission electron microscopy (TEM), we provide a morphological analysis of NL63 infection of the LLCMK2 cell line.
MATERIALS AND METHODS
HCoV-NL63 virus and LLCMK2 cells were obtained from Dr. Lia van der Hoek (University of Amsterdam, The Netherlands). The virus was propagated in LLCMK2 cells as previously described [22] .
Cells with virus were processed for TEM as previously described [23] . The medium of LLCMK2 cells was replaced with room temperature; pH 7.2-4 cacodylate buffered 4% glutaraldehyde. After at least an hour of fixation, the cells were scraped free with the tip of a disposable plastic pipette and pelleted in a microfuge at 9,500 x g for 5-10 minutes.
Agarose (2% in buffer) was brought to a boil on a hot plate. It was left on the hot plate, while being stirred, so that the agarose remained in a liquid state. The supernatant was carefully aspirated from the pelleted cells. Five to six drops of agarose was added to the cell pellet, gently vortexed to make a homogenous suspension, and microcentrifuge at 9,500 x g for 5-10 minutes. Tubes were kept at 4 o C to allow the agarose to solidify (3-4 hours). Using a splintered end of a wooden applicator stick, the pellet was carefully removed from the tube. Excess agar was removed with a razor blade. After processing the agarose block in a microporous processing capsules (Electron Microscopy Sciences, cat. no. 70188), it was be cut into tissue-size pieces for embedding.
A beaker, stir bar, and stirring plate (room temperature) were used for the following steps: the blocks were washed 6 x 10 minutes in buffer, post-fixed in 0.5% osmium tetroxide for 60 minutes, treated for 2 x10 minutes in 50% ethanol, block stained with 1% uranyl acetate in 50% ethanol for 1 hour, and dehydrated in graded ethanol (70% 3 x 5 minutes, 95% x 10 minutes, and 100% 2 x 10 minutes). The capsules were first placed in propylene oxide for 2 x10 minutes, then in 50/50 propylene oxide/Spurr's embedding medium for 1 hour, and finally in 100% Spurr's for at least 1 hour. The agarose cell pellet blocks were put in the tip of BEEM capsules and polymerize at 70 o C for at least 12 hours.
Semithin sections (1 micron) were cut with glass knife and stained with toluidine blue for light microscopic selection of blocks for thin sectioning. Thin sections were stained with uranyl acetate and lead citrate and TEM was performed on a Zeiss EM10 operating at 60kv.
RESULTS
The morphogenesis of HCoV-NL63 was studied in LLCMK2 cell lines using transmission electron microscopy (TEM). Confluent monolayers of LLCMK2 cells were inoculated with 2 TCID 50 of NL63 and incubated at 33 0 C. Cells were harvested at 24 hour intervals (days 1-6), and processed for TEM. At day 1 after infection virus, production was not evident by visual inspection. By day 2 there was a low level of infection that increased significantly by day 3 and appeared to plateau by days 4 through 6. Approximately 50% of the cells in the culture were productively infected by day 4. It is important to note that in the same cultures, individual cells ranged from displaying no evidence of infection, and apparently healthy, to necrotic cellular debris laced with virions.
Infection of LLCMK2 cells by NL63 revealed morphologic features characteristic of coronavirus infection, as well as some novel cytoplasmic structures. Small numbers of virions were seen at various stages of budding from the plasma membrane, often from villous processes (Fig. 1A, B) . Close examination of mouse hepatitis virus (MHV), another coronavirus, also revealed, apparently for the first time, plasmalemmal budding (Fig. 1C, D) . However, it was clear that NL63 predominantly replicated in the perinuclear and cytoplasmic rough endoplasmic reticulum (RER) and Golgi ( Fig. 2A-E) . The budding could be from either the nuclear or cytoplasmic surface of the perinuclear RER. All productively infected cells revealed the presence of numerous cytoplasmic virus containing vesicles (Fig, 2B, E) . Interestingly, it was observed that sometimes the virus and cellular organelles concentrated around the nucleus, as with SARS-CoV [3] , leaving a "swollen" outer cytoplasmic zone containing only ribosomes, intermediate filaments, and microtubules. Multinucleation was rarely observed. In addition to virus containing vesicles, granular areas of the cytoplasm, consistent with collections of nucleocapsid, were commonly seen ( Fig. 2A, E) . Sequential steps of envelope acquisition including a nucleocapsid lined membrane, pinching off, and enveloped virion was apparent (Fig. 2E) . Furthermore, accumulation of virions in the Golgi, RER, and clear vesicles became increasingly apparent during the course of infection. Virus replication eventually resulted in cell death, which could be either in the form of necrosis and lysis or apoptosis. Virus-laden vesicles ruptured and released their contents into the cytosol.
The typical spherical NL63 virion ranged in diameter from 75 to 115 nm. Occasionally, 20 nm long club-shaped, spikes were clearly seen on the surface of virions (Fig. 3) . The mature particles had a central spherical core, which was either clear, contained electron dense granules (nucleocapsid), or were totally electron dense (Figs. 2D, 3, 4A) .
Release of coronavirus particles from viable cells appeared to occur through exocytosis (Fig. 4A) . Virions were also commonly seen in large collections within complicated surface folds, adjacent to cytoplasmic vesicles, as if they had been released by exocytosis (Fig. 4B) . Endocytosis of NL63 within coated pits was readily seen (Fig. 4C) .
Of note, as viral infection progressed, virus production was associated with an increasing proportion of pleomorphic, aberrant viral particles (Fig. 4B, 5A, B) . Viral aberrancy was first seen as early as day 2 of culture. Particles could be oval, club or rod/bullet shaped, as well as, triangular or diamond shaped. It was not unusual to see open forms of virus, especially with incomplete rings. Sometimes the cytoplasm contained mostly incomplete viral forms.
An unusual feature of NL63 infected cells was the presence of prominent cytoplasmic inclusions. Some had an electron dense coating and contained longitudinally oriented tubules (Fig. 6A) . Others consisted of whorls of protein that resembled "myelinoid figures" with 20 nm wide layers of double electron dense outer tracts, a lighter staining "coating", and a central thinner electron dense line (Fig. 6B) . Lightly-staining tubular structures, measuring approximately 20 nm in diameter, were sometimes present freely associated with intravacuolar virus (Fig. 6C) .
Large aggregates of "capsid" granules ("nucleocapsid inclusions"), often arranged in short rows, and measuring about 20 nm thick, could be seen in close proximity to virus production (Fig. 6D) . These collections of granules were free of cytoplasmic organelles.
There were pleomorphic double-membrane vesicles, as seen with MHV [24] and SARS-CoV [25] infections (Fig.  5A, B) . They measured in the range of 140 nm to 210 nm in diameter. These DMVs were previously shown to be the site of viral RNA synthesis for coronaviruses [24, 25] .
DISCUSSION
HCoV-NL63 embodies the morphologic features described for classic human and non-human Coronaviridae in terms of size, shape, spikes, aberrant forms, double membrane vesicles, RER and Golgi replication, nucleocapsid granules, and cytopathicity [3, 13-15, 17-20, 24, 25] . Not only does NL63 replicate in LLCMK2 cell cultures, but it can also be propagated in ciliated cells of human airway epithelial (HAE) (Banach, et al. submitted for publication) cultures similar to SARS-CoV [4] .
Morphogenesis of NL63 in LLCMK2 cells takes place on perinuclear RER, cytoplasmic RER, and Golgi. Typical of the Coronaviridae, the mature spherical particles varied considerably in size (75 to 115 nm in diameter). The nucleocaspsid material, in mature virions, was either found apposed to the inner surface of the unit membrane or throughout the inside of the particle. Similar to SARS-CoV, granular cytoplasm collections, consistent with nucleocapsid, were present [3] . Multinucleation was rare in our cultures as compared to murine coronavirus mouse hepatitis virus (MHV) in CIF 799 cell lines [17, 18] and SARS-CoV [3] .
As virus production increased, so did the degree of degeneration, necrosis, and apoptosis of the infected cells. It appeared that as virus production increased, budding started to occur in a "linear" form as if morphogenesis was occurring in an uncontrolled fashion and even possibly on sites other than the RER and Golgi. Sometimes vacuoles containing virus had an electron dense background, as seen with SARS-CoV [3] . It was difficult to capture images consistent with fusion of vacuoles with the plasma membrane and exocytosis of virus from vacuoles, but they clearly did occur. Rarely, one could see mature viral particles in the process of endocytosis into coated vesicles. The optimal time to visualize budding from the plasma membrane was in the early stages of cell infection. This unique observation is also reported, apparently for the very first time, for mouse hepatitis virus (MHV).
A striking feature of NL63 infection of LLCMK2 cells was the presence of many aberrant virion forms which even appeared early in infection, increased over time, and eventually could dominate infected cells. DMVs were not as prominent a feature, as with MHV [24] and SARS-CoV [3, 13] . Unusual cytoplasmic structures were also present including oblong inclusions containing linear tubules and "mylenoid" bodies. Lightly staining tubular structures, approximately 20 nm in width, were present in viruscontaining vesicles. These three structures appear to be unique to NL63 infection. "Tubuloreticular structures" were not observed [3] .
NL63 infection of LLCMK2 cell cultures was distributed throughout the cytoplasm, as compared to infection of HAE cell cultures where infection was limited to the supranuclear cytoplasm of ciliated cells (Banach et al., submitted for publication). In addition, NL63 infection of LLCMK2 cells paralleled that of HAE cells in that the process of replication occurred within the RER and Golgi and appeared to be released by exocytosis at the luminal surface. Virions accumulated near the base of cilia in HAE cultures. As in HAE cultures, increased virus production was associated with cell death and shedding of infected cells.
We report that the ultrastructural features of NL63 infection of LLCMK2 cells parallels the classic characteristics of the Coronaviridae family. Virions are spherical, spiked, and range from 75 to 115 nm in diameter. Interesting observations include the extensive array of aberrant viral forms and unusual cytoplasmic structures. We speculate that production of the aberrant forms of membranes and virus particles in NL63 infected cells contributes to the low titers of infectious virus that have been reported [26] . 
